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(57) Abstract 

A magnet assembly (10) for a small scale NMR 
spectroscopy apparatus suitable for laboratory or home 
use, comprising two permanent magnets (11) facing 
one another, a tapered pole cap (12) on each of 
the two facing surfaces of the permanent magnets, 
and a plurality of radially polarized annular canceling 
magnets (18) disposed about the permanent magnets 
and pole caps. The design and position of the radially 
polarized canceling magnets reduces leakage of the 
magnetic field, to maintain the magnetic field strength 
and homogeneity within the test region, without a 
disadvantageous increase in the size, weight and cost 
of the NMR apparatus. Also provided is a method 
for in vivo measurement of glucose concentration 
in a patient's body fluid using NMR spectroscopy. 
The method comprises spectral editing, e.g. double ; 
quantum filtering to isolate scalar coupled resonances 
of glucose. 
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WO 99/32897 PCT/US98/27478 

NMR APPARATUS AND METHOD FOR NON-INVASIVE IN-VIVO TESTING OF A 
PATIENT'S BODY FLUID GLUCOSE LEVELS 

BACKGROUND OF THE INVENTION 

This invention relates to the field of nuclear magnetic 
resonance (NMR) spectroscopic devices, and more particularly to a 
5 small scale NMR spectroscopic apparatus, and a method of 
spectroscopy such as measurement of a patient's body fluid glucose 
levels. 

Nuclear magnetic resonance (NMR) spectroscopy is an 
analytical and diagnostic technique that can be used for structural 

10 and quantitative analysis of a compound in a mixture. NMR is based 
on the nuclear magnetic properties of certain elements and isotopes 
of those elements. It is a fundamental law of quantum mechanics 
that nuclei with a nonzero spin will have a magnetic dipole and will 
thus interact with electromagnetic radiation. The presence or 

15 absence of a spin and the nature of the spin is expressed in terms of 
the spin quantum number (I) of the nucleus, which may be either 0, 
or integer multiples of Y 2 . The most important group analytically, 
because it includes 1 H present in many compounds of interest, has a 
nuclear spin quantum number of % . 

20 ln : a uniform magnetic field, a nucleus having a spin quantum 

number, of % % nrtay^ assume, two orientations relative to the applied 
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magnetic field. The two orientations have different energies, so that 
it is possible to induce a nuclear transition, analogous to flipping a 
bar magnet in a magnetic field, by applying electromagnetic radiation 
of the appropriate frequency. This nuclear transition, known as 
5 resonance, is thus brought on when the correct combination of 
magnetic field strength and exciting frequency characteristic of the 
nuclei of interest are applied. After resonance is achieved, the NMR 
instrument detects a signal, the signal being a function of the nature 
and amount of a compound in the test sample as well as nuclear 
10 magnetic relaxation considerations. Because all nuclei have unique 
resonances, e.g. approximately 60 megahertz in a 14 kiloGause (1.4 
Tesla) field for protons, 1 H NMR will only detect compounds having 
protons. Moreover, because the exact frequency at which a proton 
resonates within this range is related to its chemical environment, the 
15 1 H NMR signal of protons of one compound can generally be 
distinguished from another, and the integrated intensity of the signal 
is directly proportional to the amount of the compound of interest. 
The position of the resonance signal is characterized by its 
frequency, i.e., the chemical shift, which is usually expressed on a 
20 ppm scale relative to the resonance frequency of some standard 
compound. 
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A NMR spectrometer generally comprises one or more magnets 
producing a strong homogenous magnetic field within a test region, a 
coil to apply the excitation frequency (the transmitter coil), a coil to 
generate a signal when the nuclei of the test sample resonate (the 
5 receiver coil), and a radiofrequency (RF) oscillator to supply A/C 
current through the transmitter coil. One coil may act as both the 
transmitter coil and receiver coil if the current is appropriately gated. 
A transition occurs in th6 test sample when the RF frequency applied 
matches the resonance frequency of the nuclei of the compound of 

10 interest. 

The size and complexity of NMR spectrometers are largely a 
function of the magnetic field requirements. A typical NMR magnet 
used for analytical or chemical structural analysis purposes can weigh 
from a few hundred to as many as 500 kilograms. However, 

15 because the strength of the detected resonance signal is proportional 
to the magnetic field strength raised to the 3/2 power in the test 
region, it is very important to provide a magnet with the highest field 
possible as the magnet is scaled down in size. On the other hand, 
providing a strong magnetic field generally requires larger, higher 

20 weight magnets, which typically increases the cost of the 
spectrometer depending < on the type and the weight of materials 
used. The most expensive/ by far, is the permanent magnet material. 

JNSDOCID: <WO 9932897A2 I > 
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Thus, the competing factors of spectrometer field strength and 
magnet cost must be balanced so that the desired signal strength and 
cost requirements are met. Moreover, the magnetic field produced 
must be stable and homogeneous within the test region. The 
magnetic field strength within the test region, and resulting magnet 
weight, is a function of a number of variables including the type of 
magnetic materials used, the extent of the suppression of leakage 
fields, the size of the test area between the magnets and the 
configuration of the field flux shaping and conducting components. 

Diabetes is a disorder of metabolism characterized by lack of 
insulin effect. One of the pathologies of diabetes is the inability of 
glucose to enter the body's cells and be utilized. Due to the severe 
effects of excessively high or low blood glucose levels, insulin 
dependent diabetics should measure their blood glucose levels several 
times a day* However, the most widely used method requires 
obtaining a blood sample by finger pricking, which is painful and thus 
may often be neglected by the patient. 1 H NMR is a suitable 
technique for measuring a patient's glucose level. However, the in 
vivo 1 H NMR spectroscopic analysis of glucose is complicated by the 
) intense signals generated by water and other compounds in the 
patient's blood and tissue. A hand held NMR device has been 
suggested for in vivo measurement of a patient's blood glucose levels 



WO 99/32897 PCT/US98/27478 

5 

in U.S. Patent 4,875,486 (Rapoport et al.). However, the device 
described by Rapoport apparently has never been commercialized. It 
is believed that the device described could not effectively suppress 
the large signal of water in the body fluid as required for a clinically 
5 suitable device. 

Therefore, what has been needed is a small NMR spectrometer 
and method which allows for the measurement of the concentration 
of a compound, such as glucose, in a patient. The present invention 
satisfies these and other needs. 

10 SUMMARY OF THE INVENTION 

The invention is directed to a relatively small, light weight NMR 
apparatus and a method for the spectroscopic analysis of a 
compound in a fluid, such as a patient's body fluid, and particularly 
the measuring of a patient's body fluid component, such as glucose, 

15 using a radiofrequency (RF) pulse sequence specific for the detection 
of such component. The term "body fluid" should be understood to 
include intracellular and extracellular fluids. 

The NMR spectroscopic system of the invention includes a 
magnet assembly suitable for developing a strong uniform magnetic 

20 field across a test region and an RF emission system for the 
application of a variable exciting frequency normal to the uniform 
field. The magnet assembly generally comprises two permanent 
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magnets facing one another so that the facing surfaces have 
opposite polarities, a pole cap tapering inwardly on each of the two 
facing surfaces of the permanent magnets, and a plurality of radially 
polarized canceling magnets disposed about the permanent magnets 

5 and pole caps. A test region and a coil are located in an air gap 
between the pole cap facing surfaces. 

The permanent magnets are formed from high energy material 
such as neodymium-iron-boron alloy, so that relatively small, light 
weight magnets can be used which will generate a strong field in the 

10 test region. However, the same high energy magnetic potential 
generating the high magnetic field in the test region also will exist in 
all parts of the pole caps. This magnetic potential will, therefore, 
generate extraneous magnetic fields outside the test region that 
contribute nothing to the NMR signal. These extraneous fields are 

15 called leakage fields. If nothing is done to reduce these leakage 
fields, the size of the high energy permanent magnetic material must 
be increased to carry them or their effectiveness will be reduced 
resulting in reduced magnetic field strength. The principal unchecked 
leakage fields will form barrel shaped patterns from the sides of one 

20 pole cap to the other pole cap and lateral fan shaped patterns from 
both pole caps to the outer housing. Conventional methods of 
mitigating the effect of such leakage fields result in an extremely 
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large, heavy, and expensive magnet assembly. In the magnet 
assembly of the invention, auxiliary magnets are added having 
strength, position and polarization designed to substantially cancel or 
reduce the principal leakage fields, thereby reducing the total 
5 magnetic flux in the circuit. These auxiliary magnets, referred to as 
canceling magnets, greatly reduce the leakage fields, to maintain the 
field strength in the test region without a disadvantageous increase in 
size, weight, and cost of the magnet assembly of the invention. 

In addition there is a low reluctance ferromagnetic member, 

10 called a yoke, that conducts the field from the back of one of the 
permanent magnets, around the outside of the permanent magnet 
and pole piece array, and to the back of the opposite magnet. This 
forms an enclosed magnetic circuit and provides an extremely low 
magnetic resistance to flux flow around the magnetic circuit. This 

15 normal design feature reduces the magnetic potential required to 
achieve the proper field in the test region, allowing reduction in the 
size of the permanent magnets. However, the canceling magnets of 
the invention allow the radial distance between the yoke and the 
permanent magnet to be - decreased without increasing the leakage 

20 flux. The size of the yoke, permanent magnets, and pole caps can be 
reduced in proportion to the reduction in the leakage fields and, in 
addition, the yoke can be reduced by the reduction in spacing. 

3NSDOCID: <WO 9932897A2 I > 
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Therefore, the canceling magnets of the invention allow the size of 
the yoke, permanent magnets and pole caps to be decreased 
substantially. The magnet assembly is provided with a narrow air 
gap between the opposing permanent magnets/pole caps of 

5 approximately 2 cm, and more specifically about 1.9 cm. The 

leakage ratio, which is the ratio of the field produced to the field 
directed to the air gap, is a measure of the effectiveness of a magnet 
assembly at canceling out the leakage fields. The design of these 
canceling magnets reduces the leakage ration from about 5:1 to 

10 better than 2.5:1. 

Because the field homogeneity is directly proportional to the 
ratio of the size of the pole cap face to the air gap width, the small 
air gap improves the field homogeneity. The face diameter of the 
pole cap in the invention is reduced, without sacrificing homogeneity 

15 s n the test region, by providing a raised portion around the tapered 
pole cap face called a tapered ring shim. The field inhomogeneities 
normally associated with a smaller pole cap face to gap ratio is 
reversed by increasing the field further from the center by decreasing 
the gap in the outer region with the ring shim. To prevent 

20 inhomogeneities due to variations in magnetic saturation in the ring 

shim structure, the corners of the tapered ring shim are curved to 
reduce the magnetic flux density concentration normally encountered 
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with sharp corners, so that the field is well below saturation. Spatial 
variations in saturation induction values through the volume in 
ferromagnetic materials are well known to occur due to differences in 
processing the raw material and fabricating the parts. 
5 The method of the invention provides for measurement of the 

concentration of a constituent, such as glucose, in a fluid, such as a 
patient's body fluid, using NMR spectroscopy. The method 
comprises spectral editing in which a RF pulse sequence is used. The 
RF pulse sequence combines double quantum filtration and glucose 

10 specific signal detection to reduce the water signal and selectively 
stimulate only the desired resonances of glucose, and thereby 
facilitate resolution of the glucose signal. Unlike methods in which 
the proton resonances of all the constituents in the sample are 
obtained, spectral editing minimizes the problem of distinguishing the 

15 glucose signal from resonances of other components in the patient's 
blood. Pulse sequences for spectral editing rely on the design of RF 
pulses to elicit specific nuclear spin system behavior. While pulse 
sequences used for the spectral editing of different compounds may 
share common features, the appropriate sequence of RF pulses for a 

20 given compound of interest must be individually assembled. Thus 
the pulses for a given compound have a unique center frequency, 
range of frequencies, and phase, and are separated by precisely 
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timed intervals. A pulse sequence repeated one or more times, 
known as a pulse sequence scan, improves the signal to noise of the 
test sample signal. 

The pulse sequence of the invention is specific for resonances 
5 of glucose protons which are scalar coupled, i.e., nuclei having a 
through-bond magnetic interaction. Specifically, the RF pulses 
selectively excite the glucose protons at about 5.4 ppm and a scalar 
coupled partner of the protons at about 3.6 ppm, although other 
suitable scalar coupled pairs in glucose may be used alone or in 
10 addition to this pair. Thus, because the pulse sequence of the 
invention irradiates only these coupled resonances of glucose and no 
others, the overwhelming signals of the protons of water and other 
components in the blood are greatly minimized or suppressed, and 
are generally not detected. 
15 in one aspect of the invention, in vivo measurement is made on 

a patient's body fluid. When the specific pulse sequence is used in 
combination with the NMR apparatus of the invention, an effective, 
accurate, and relatively small lightweight apparatus is provided with 
which patients can noninvasively measure their body fluid glucose 
20 levels at home or elsewhere at their convenience. The measurement 
is made on a part of the patient, such as a finger. Because the 
patient's finger is composed of several tissues, e.g., skin, fat. 
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tendon, muscle, bone, and blood, the glucose signal is from the body 
fluid of the totality of such tissues, which signal is related to the 
patient's blood glucose level. 

The invention allows for substantial size and cost reductions in 
5 the magnet assembly for NMR spectroscopy. The pulse sequence of 
the invention selectively detects the desired resonances in glucose, 
to allow for accurate quantitative measurement of the glucose level 
in the complex mixture of a patient's body fluid. The NMR apparatus 
and method of the invention is therefore extremely useful to 
10 diabetics. These and other advantages of the invention will become 
more apparent from the following detailed description and exemplary 
figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is an elevational view of the NMR device of the invention 
15 showing the magnet assembly and coil partially in phantom. 

Fig. 2 is an elevational view partially in section of a magnet 
assembly of the invention. 

Fig. 3 is a cross sectional view of the magnet assembly of the 
invention. 

20 Fig- 4 is a cross sectional view of the pole cap member and an 

alternative embodiment of the canceling magnets of the invention 

SNSDOCID: <WO_ 9932897A2 I > 
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having an inner surface adjacent to the tapered surface of the pole 
cap member. 

Fig. 5 is a cross sectional view of the pole cap member and an 
alternative embodiment of the canceling magnets of the invention 
5 having a thickness increasing from the back surface to the front 
surface. 

Fig. 6 is a cross sectional view of the pole cap member and 
ring shim of the invention. 

Fig. 7 is an elevational view of the ring shim of the invention. 
10 Fig. 8 is an enlarged view of the ring shim, shown in Fig. 6 

within circle 8, having a front surface with a squared edge outer 
corner. 

Fig. 9 is a cross sectional view of a ring shim having a front 
surface with a curved outer corner. 
15 Fig. 10 is a cross sectional view of a ring shim having a front 

surface with a curved inner corner. 

Fig. 11 is an elevational view of a coil. 

Fig. 12 is a cross sectional view of the coil shown in Fig. 11 
taken along lines 12-12. 
20 Fig. 13 is a block diagram of the NMR apparatus of the 

invention. i 
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Fig. 14 is a block diagram of the circuitry of the NMR apparatus 
of the invention. 

Fig. 15 is a graphical illustration of an RF pulse sequence of the 
invention 

5 Fig. 16 is a NMR spectrum of a glucose test sample produced 

using the pulse sequence illustrated in Fig. 15. 

Fig. 17 is a NMR spectrum of a glucose test sample produced 
using a standard presaturation experiment. 

Fig. 18 is a graphical illustration of an alternative embodiment 
10 of the RF pulse sequence of the invention. 

Fig. 19 is a plot of resonance area against sample glucose 
concentration produced using the RF pulse sequence illustrated in 
Fig. 18. 

DETAILED DESCRIPTION OF THE INVENTION 

15 Figs. 1 and 2 illustrate the NMR magnet assembly 10 of the 

invention, which generally includes a pair of opposed permanent 
magnets 1 1 , and a pair of opposed pole cap members 1 2 which are 
adjacent to the permanent magnets and which define, with a coil 13, 
a test region 14. The pole cap members radially taper inwardly 

20 toward the test region. A housing 16 surrounds and supports the 
magnets and pole cap members, and has a port 17 providing the 
patient access to the test region 14 between the pole cap members. 

WSOOCtD: <WO 9932897A2 I > 
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As best illustrated in Fig. 2, the magnet assembly 10 also includes a 
plurality of annular canceling magnets 18 disposed about the 
permanent magnets 1 1 and pole cap members 12. A measurement 
is made when the patient inserts at least a part of his or her body, 

5 such as a hand, into the device through the port 17 in the housing 
16, so that one of the patient's fingers is at least partially placed in 
the test region 1 4. The port is sized to accommodate a human hand 
and is about 3.8 cm to about 4.2 cm wide and about 8.4 cm to 
about 12.7 cm in length. 

10 Fig. 3 illustrates a transverse cross section of the magnet 

assembly 1 0. Each magnet 1 1 has a back surface 1 9, and a front 
surface 20. The front surface 20 faces the opposing permanent 
magnet front surface, and the facing front surfaces 20 have opposite 
polarities. Each pole cap has a back surface adjacent the front 

15 surface of one of the permanent magnets 1 1 and a front surface 
facing the opposing pole cap front surface. Each canceling magnet 
18 has an inner surface 21 and an outer surface 22. The canceling 
magnets 1 8 are radially polarized, so that one magnetic pole is on the 
inner surface 21 and the other magnetic pole is on the outer surface 

20 22 of the canceling magnets. The, polarization of these magnets is 
such that the inner polarity is the same .as the ; front surface, of the 
pole cap member, and, {he outer polarity is the opposite. 
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Yoke members 23 are connected by outer shell members 24 
which extend the length of the magnet assembly. The pair of yoke 
members 23 are adjacent to and extend beyond the back surface of 
each permanent magnet 11. In the embodiment illustrated in Fig. 1, 
the yoke members 23 are tapered toward a central axis of the 
magnet assembly from a diameter approximating the outside diameter 
of the permanent magnets, and also taper toward the outside surface 
of the shell members to reduce the weight of the assembly. 

Lateral leakage fields radiate from the pole cap members to the 
yoke 23 and shell 24 members. The radially polarized canceling 
magnets provide an equal and opposite magnetic potential on the 
leakage fields to thereby reduce or cancel this leakage flux. The 
canceling magnets are strategically placed about the pole caps and 
permanent magnets. In a presently preferred embodiment, at least 
three ring canceling magnets are disposed about each pole cap, and 
at least one canceling magnet is disposed at least in part about each 
permanent magnet. In the embodiment illustrated in Fig. 3, the 
canceling magnets 18 are placed with magnetization at right angles 
to the pole cap member axis. ^ In the embodiment illustrated in Fig. 4, 
the canceling magnet 50 has an inner surface configured to match 
the taper of the pole cap member 12 side, and magnetization at right 
angles to the sides of the pole cap members, for increased efficiency 
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in reducing the leakage fields. The canceling magnet 50 may 
comprise segmented members. In the embodiment shown in Fig. 3, 
the annular canceling magnets 18 disposed about the pole cap 
members 12 have a uniform square cross section, although other 
shapes may be suitable. In contrast, the canceling magnets disposed 
about the permanent magnet 1 1 and about the junction of the 
permanent magnet 1 1 and the pole cap 1 2 have a large dimension 
and a small dimension, e.g. have a rectangular cross section. In an 
alternative embodiment illustrated in Fig. 5, the canceling magnet 52 
has a thickness increasing inwardly toward the front surface of the 
pole cap member. The canceling magnets are secured about the pole 
caps and permanent magnets by a variety of suitable securing means 
34, including by bonding or snap fitting into holders. 

In a presently preferred embodiment the canceling magnets are 
formed from Nd-Fe-B alloy. However, a variety of suitable magnetic 
materials exist for the canceling magnets, including but not limited to 
other rare earth alloys such as samarium-cobalt alloy (Sm-Co). The 
canceling magnet 1 8 adjacent to the front surface of the pole cap 
member has an inner diameter configured to fit around the pole cap 
member of about 70 mm to about 75 mm, and preferably about 73 
mm. The canceling magnet 18 adjacent to the back surface of the 
pole cap member is about 145 mm to about 155 mm, and preferably 
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about 151 mm. The length of the canceling magnets measured along 
the inner diameter surface is about 50 to about 60 mm, and 
preferably about 55 mm. In the embodiment illustrated in Figs. 3 and 
4, the thickness of the canceling magnet 1 8/50 is about 6.5 mm to 
5 about 9.0 mm, and preferably about 6.7 mm to about 7.3 mm. In 
the embodiment illustrated in Fig. 5, canceling magnets 52 have a 
large dimension thickness of about 7.0 mm to about 10 mm, and 
preferably about 8.8 mm to about 9.6 mm. The canceling magnet 
1 8 shown in Fig. 3 disposed about the permanent magnet 1 1 , has an 

10 inner diameter of about 160 mm to about 170 mm, and preferably 
about 162 mm to about 167 mm, and an outer diameter of about 
165 mm to about 180 mm, and preferably about 169 mm to about 
174 mm, and a width of about 10 mm to about 17 mm, and 
preferably about 13 mm to about 15 mm. The canceling magnet 18 

15 disposed about the junction of the permanent magnet 1 1 and the 
pole cap 12 has an inner diameter of about 160 mm to about 170 
mm, and preferably about 162 mm to about 167 mm, and an outer 
diameter of about 200 mm to about 210 mm f and preferably about 
204 mm to about 208 mm, and a width of about 10 mm to about 16 

20 mm, and preferably about 12 mm to about 14 mm. 

In one aspect of the t invention, an annular ring shim 27 v is 
provided on a peripheral portion of the front surface .of the pole cap 

JNSDOCID: <WO 9S32897A2 I * 
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member. As best illustrated in Fig. 6, the ring shim 27 comprises a 
ring 28 and a spacer 29, and is disposed in a groove in the pole cap 
member front surface. The thickness of the spacer 29 is adjusted to 
optimize the field homogeneity in the test region by adjusting the 
5 height that the front surface of the ring 28 beyond the pole cap 
member 1 2. This optimum thickness varies somewhat from lot to lot 
of pole cap material and is determined by testing on an 
electromagnet. During manufacture, the ring 28 is first mounted on 
the pole cap member 12 without the spacer 29 and the subassembly 
10 is machined as though it were a single piece. The ring 28 is then 
removed and the appropriate precision spacer shim 29 is installed 
replacing the ring 28 in the same orientation as machined. Fig. 7 
illustrates an elevational view of the ring 28, and Fig. 8 illustrates an 
enlarged view of the area in circle 8 of Fig. 6. In the embodiment 
15 illustrated in Fig. 7, the ring shim 27 outer side 30 is tapered, 
although other suitable shapes exist, including a rectangular cross 
section. In the embodiment illustrated in Fig. 8, the front surface 
outer corner 31 between the outer pole cap taper 30 and the front 
surface is square edged. In a presently preferred, embodiment 
20 illustrated in Fig. 9, the front surface outer corner 31 is curved, so 
that magnetic field homogeneity in the test region is increased. The 
curved edge reduces the magnetic field in the pole >cap peripheral 
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edge thereby allowing the magnet to operate at an increased strength 
of the field without saturation. The field concentration in a sharp 
edge in this edge location will cause magnetic saturation at the fields 
needed to operate the magnet of this invention. Variations in the 
5 saturation induction around the periphery would cause uncorrectable 
errors in homogeneity, if the rings were allowed to saturate in any 
portion. In another embodiment illustrated in Fig. 10, the front 
surface inner corner 32 of the ring shim, adjacent the ring shim inner 
side 33, is curved for the same purpose. 

10 The permanent magnet is formed from a high magnetic energy 

material. Suitable materials have an energy product of at least 38 
Megagauss-Oersteds and include but are not limited to materials 
formed at least in part from rare earth elements. In a presently 
preferred embodiment, the permanent magnet 1 1 is formed from 

15 neodymium-iron-boron (Nd-Fe-B) alloy. In the embodiment shown in 
Fig. 1, the permanent magnet 1 1 is a puck shaped magnet with a 
circular cross section. The permanent magnet 11, formed of Nd-Fe- 
B # has a diameter of about 15.5 cm to about 17 cm, and typically 
about 16.0 cm to about 16.4 cm, and a width of about 2 cm to 

20 about 3 cm, and typically about 2.4 cm to about 2.6 cm. The 
weight of each permanent magnet is about 3.8 kg to about 3.9 kg. 
The pole cap member 12 has a circular cross section and tapered 

JNSDOQD: <WO 9932897A2 1 > 



WO 99/32897 PCT/US98/27478 

20 

sides which taper to a smaller diameter from the pole cap back 
surface to the front surface- The circular back surface of the pole 
cap is sized to be substantially equal to the diameter of the 
permanent magnet 1 1 . The diameter of the front surface of the pole 
5 cap is from about 6.0 cm to about 6.5 cm. A presently preferred 
pole cap is formed from high purity iron, although other suitable 
materials exist including but not limited to and iron-cobalt alloy. 

In the embodiment illustrated in Fig. 3, a back plate 36 is 
disposed between the back surface 1 9 of the permanent magnet 1 1 
10 and the yoke member 23, to reduce the leakage fields to the yoke 
member. The back plate is preferably the same iron material as the 
yoke although other suitable ferromagnetic materials exist. The back 
plate is preferably taper shaped with a circular cross section similar 
to the pole cap but smaller. In a presently preferred embodiment, the 
15 outer edge of the back plate is tapered so that the diameter of the 
front surface is greater than the diameter of the back surface. The 
back plate has a thickness of about 0.2 cm to about 0.5 cm, at a 
diameter substantially equal to the permanent magnet diameter. 

The presently preferred yoke members 23 have a thickness of 
20 about 1.4 cm to about 2.0 cm. The shell members 24 are preferably 
made of the same iron material as the yoke and have a thickness of 
about il.4ttb- 1 ;6 cm., The housing 1 6 is formed from plastic and has 
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a thickness of about 0.2 cm to about 0.5 cm. Thermal insulation 35 
is provided around outside of magnet assembly 1 0 inside the housing 
16, and has a thickness of about 1.5 cm to about 3.0 cm, and 
typically about 2.0 cm. In contrast to the magnet assembly 10 of 
5 the invention, conventional methods of mitigating the magnet leakage 
fields involve increasing the iron in the yoke members, increasing the 
thickness of the housing by a factor of six to eight that which would 
be necessary to carry the pole cap fields alone, and increasing the 
radial distance between the pole caps and housing, which results in 

10 an extremely large, heavy, and expensive magnet assembly. 

As illustrated in Fig. 3, coil 13 used to transmit RF energy and 
receive the sample signal is provided in the air gap between the pole 
cap members 12. In a presently preferred embodiment, best 
illustrated in Figs. 1 1 and 12, the coil is a solenoid type coil having a 

15 tubular configuration which at least in part defines the test region 14. 
The coil has a length of about 1 cm to about 5 cm. The coil has an 
outer diameter of about 1.6 cm to about 2 cm, and an inner diameter 
of about 1.5 cm to about 1.8 cm. One skilled in the art will 
recognize that many suitable coil configurations may be used, 

20 including saddle coils. 

Fig. 13 illustrates a block diagram of the NMR apparatus 40 of 
the invention, which generally comprises a display 41, a computer 
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42, circuitry 43, coil 13, and magnet assembly 10. As best shown 
in Fig. 14, the circuitry includes an RF transmitter 46 connected to 
the computer 42 and the coil 13, for generating the RF excitation 
frequency in the coil. An analog to digital (A/D) converter 47 is 
5 connected to the computer and coil for converting the sample signal 
received by the coil. The current entering and exiting the coil is 
gated to allow a single coil to function as both the transmitter and 
receiver coil. 

The magnet assembly 1 0 of the invention has a square cross 
10 section of from about 25 cm to about 50 cm, and typically about 30 
cm to about 31 cm, and a length of about 20 cm to about 40 cm, 
and typically about 24 cm to about 25 cm. The magnet assembly 10 
weighs from about 59 kg to about 62 kg. A magnetic field strength 
of about 14.1 kG (1 .4 T) is generated in the test region. 
15 Another aspect of the invention involves a method of 

measuring the glucose concentration in a patient's body fluid using 
spectral edited NMR spectroscopy involving a plurality of RF pulse 
separated by precisely times intervals. In the method of the 
invention, a NMR pulse sequence is applied at least once such that 
20 specific scalar coupled resonances of glucose are detected. In: a 
presently preferred embodiment of the invention, the pulse sequence 
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comprises the sequence illustrated in Fig. 15. The pulse sequence 
illustrated in Fig. 15 can be expressed as follows: 

90° selectI;( j )1 - t - 90° AII;(j)2 - G, - 180° selectI , 5.4,2 - G 2 - 90° AII; 
<J)3 - A - 

1 80° se ,ect 1, s ; <j>3 - G 3 - A' - Acquisition <j> R 

which indicates the pulse degree (90° or 180°), delay time 
after a pulse (x and A), and phase cycle scheme (<f>). 1 and S are 
arbitrary designations for the two protons of the glucose molecule 
which are of interest in the pulse sequence measurement. G 1r G 2 , 
and G 3 represent pulsed field gradients, i.e., current pulses resulting 
in an instantaneous field change in the homogeneity along the Z axis. 
Thus, the 90° sele ct i ; <jn notation denotes an RF pulse of flip angle 90°, 
applied on the I spin with the RF phase cycled according to scheme 
<j>1, and the 1 80° select 1# s notation denotes a 180° RF pulse applied on 
the I and S spins. The 90° A „ notation denotes a 90° RF pulse 
applied on all spins. In Fig. 15, the channel being observed (proton) 
is shown above the gradient channels for phases x, y, and z, which 
depict the direction of the gradient pulses. 

In the method of the invention using the pulse sequence 
illustrated in Fig. 15, the pulse sequence involves the application on 
spin I of a selective 90° pulse of 30.0 msec which creates 
transverse magnetization on the selected I spin, which evolves under 
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the J IS spin-spin coupling, and becomes antiphase with respect to 
spin S during the delay t. The delay x is depicted in Fig. 15 as two 
consecutive 27.0 msec delays, corresponding to two pulsed field 
gradients in opposite directions, to enhance the reduction of the 
5 water signal. The anti-phase magnetization is converted into double 
quantum magnetization by the 90° A „ pulse, of 12.6 usee. A pulsed 
field gradient pulse, G 1( of 2.0 msec follows the 90° A n pulse and, 
together with the G 2 pulse of similar duration encodes the phase of 
the double quantum magnetization with respect to the double 
10 quantum coherence order. As shown in Fig. 15, a delay of 496.2 
usee follows the G, gradient to allow the effect of the gradient to 
decrease; A similar recovery delay of 497.5 usee follows G 2 . A 
180° select i.s Pulse is applied between G, and G 2 to ensure that only 
the I-S doublet quantum magnetization will be refocUsed later by the 
15 gradient G 3 . Following the G 2 gradient, a 90° A „ pulse, of 12.6 usee 
is applied to convert the double quantum magnetization into 
transverse magnetization. A 180° se iect i.s P" ,se of 14 2 msec ls 
applied, preceded by a delay, A , of 2.5 msec. After the 180 o select i, s 
pulse, a gradient, G 3 , of 2.0 msec is applied, followed by recovery 
20 delay. A', of 499 usee. The chemical shift precession during the 
delays A and A' is refocused by the 180° select xs pulse: the 
acquisition time is 203.9 msec. The amplitude of gradients G 1( G 2 , 
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and G 3 are computed using standard calculations, so that the relative 
integrals (amplitude times duration) of the three are such that only 
the double quantum signals from I-S spins are effectively refocused 
during the acquisition time. 
5 In a presently preferred embodiment of the pulse sequence 

illustrated in Fig. 15, the 90° select z pulse has the shape of an E-BURP 
pulse, and the 180° se , ect XfS pulses have the shape of an l-BURP pulse 
(i.e., Excitation-Band Selective, Uniform Response, Pure-Phase and 
Inversion-Band Selective, Uniform Response, Pure-Phase, respectively 

10 (J. Magnetic Resonance, Vol. 93, pages 93-141, 1991)). One skilled 
in the art will recognize that other suitable shapes may be used. 

The frequency of the applied RF irradiation is dependent on the 
frequency of the resonances of interest and the delay times. The 
delay x is chosen to equal [2J HH ]" 1 . For each RF pulse and delay time 

15 in the pulse sequence, one skilled in the art will recognize that a 
range of RF frequency values and time values exists around the 
optimum values given. However, departure from the optimum values 
quickly results in suboptimal spectral editing in terms of signal 
intensity or possibly in the detection of unwanted resonances. 

20 The phase cycle scheme, i.e., the phase shift of an RF pulse, 

improves the selection of double quantum signals while suppressing 
the other signals. In general, a plurality of phase cycle schemes may 
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be used to achieve the same results. The presently preferred RF 
phase cycle scheme, with the phase shift of a pulse given in degrees, 
is as follows: 
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One skilled in the art will recognize that other suitable phase 



5 cycle schemes may be used. Similarly, many suitable combinations 
of relative pulsed phase gradient integrals may be used to achieve 
double quantum selection. 

The pulse sequence of the invention illustrated in Fig. 15 was 
applied to glucose samples, and used to detect the presence of 

10 glucose therein. A heterogeneous mixture of animal tissue and 
glucose solution in water was prepared, and the pulse sequence 
illustrated in Fig. 15 was applied to the sample. The pulse sequence 
detects only a selected pair of glucose resonances, as illustrated in 
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the resulting NMR spectrum shown in Fig. 16. The glucose proton 
anomeric peak at about 5.4 ppm and its coupled partner at about 3.6 
ppm are readily identified in the trace shown in Fig. 16. Fig. 17 
illustrates the NMR spectrum obtained from a simple proton 
presaturation experiment on the test sample, in which other 
resonances interfere with resolution of the glucose signal. 

Another embodiment of the invention comprises the pulse 
sequence shown in Fig. 18. The pulse sequence illustrated in Fig. 
18, like the pulse sequence shown in Fig. 15, involves detection of 
specific scalar coupled resonances of glucose, but does not involve 
double quantum filtration. The pulse sequence illustrated in Fig. 18 
can be expressed as follows: 

(presaturate H 2 0)- 90 o (X) z - G 1 - t - 180°(X) z tS - - x - 90°(- 

X)select H20 .90' °(X) A1I - 

G 2 - A - 180°(X) I(S - G 2 - A - Acquisition 

where X indicates the phase of the RF pulse (X axis), i.e. the 
direction of the oscillating RF magnetic field vector. The 90°(-X) Se(ect 
H20 notation denotes a frequency selective pulse applied on the water 
signal with a phase of -X. The glucose proton resonance at about 
3.6 ppm is scalar coupled to the resonance occurring at about 5.4 
ppm. In the pulse sequence of the invention, only these resonances 
are irradiated, with detection of the resonance at 3.6 ppm. 
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in the method of the invention using the pulse sequence 
illustrated in Fig. 18, the pulse sequence involves the application on 
spin I of a soft 90° E-BURP pulse (i.e., Excitation-Band Selective, 
Uniform Response, Pure-Phase (J. Magnetic Resonance, Vol. 93, 
5 pages 93-141, 1991)) of 157.5 msec, followed by a delay of 41.2 
msec. This initial 90° E-BURP pulse excites the anomeric proton 
magnetization at 5.4 ppm. Then two simultaneous soft Gausian 
180° pulses of 36.9 msec are applied to selectively excite protons at 
about 5.4 ppm on spin I and a scalar coupled partner of the protons 
10 at about 3.65 ppm on spin S, followed by a delay of 23 msec. Next, 
a 90° hard pulse, e.g. a short, nonselective pulse of a broad range of 
frequencies, of 9.8 usee is applied, which causes magnetization 
transfer from the proton at 5.4 ppm to the proton at 3.6 ppm, and is 
followed by a delay of 41 .3 msec. Phase cycling ensures that 
15 signals arising from nonmagnetizatidn transfer sources are 
suppressed. Two simultaneous soft Gausian 180° pulses of 36.9 
msec are then applied to refocus the antiphase components. The 3.6 
ppm proton resonance of glucose is detected by acquisition of the 
free induction decay (FID) for spin S, said acquisition being delayed 
20 by about 41.6 msec, so that antiphase components precess into 
phase; Additional water suppression can be obtained by applying a 
90° selective (i.e. soft] pulse of 18 msec at 60 dB, which" excites 
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only water with z-component magnetization, before the 9.8 |-isec 90° 
hard pulse. Additionally, the water suppression and rejection of other 
non glucose peaks can be enhanced by 1 msec gradient pulses of 
strength 9.4 and 6.6 Gauss/cm. The delay times are chosen to equal 
[2 J)_||_|] 1 and/or [4J HH Y* , although as discussed above for each RF 
pulse and delay time in the pulse sequence, one skilled in the art will 
recognize that a range of RF frequency values and time values exists 
around the optimum values given. 

Synthetic samples of plasma as well as human plasma samples 
were prepared containing known amounts of glucose in the 
concentration range of 1 to 30 mM. 5.5 mM glucose is considered 
normal. Actual glucose concentrations were checked by the use of 
standard clinical chemistry procedures. The pulse sequence 
illustrated in Fig. 18 was applied to the samples, and the glucose 
concentration was determined by detecting the proton resonance of 
glucose. The experimental results are illustrated in Fig. 19 which 
shows resonance area (integral) plotted against actual glucose 
concentration. 

In the method of the invention, the pulse sequence is applied 
one or more times to the test sample. For the pulse sequence shown 
in Fig. 15, the presently preferred sampling time is about 200 msec 
to about 206 msec, and preferably about 203.9 msec, for the 
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magnetic field strength used. Following sample irradiation, a proton 
spectrum is generated by recording the FID of the sample and 
performing a Fourier transform on the decay data. The signal will be 
calibrated relative to the signal of a glucose standard of a known 
5 concentration of glucose. In a presently preferred embodiment, a 
predetermined value stored in the apparatus computer is used for the 
calibration. In the proton spectrum generated, the water proton 
chemical shift is used as an internal reference for the 1 H chemical 
shift values. The reference avoids measurement error arising from 
10 small changes in the polarizing magnetic field strength which in turn 
would lead to apparent changes in resonance frequency. 
Additionally, any effect on the glucose signal produced by the 
hydration level of the patient is corrected. In a presently preferred 
method of correcting for such an effect, the water signal produced 
15 by the test sample, i.e., the patient's finger, is used as a measure of 
the patient's hydration, which is then corrected for using an 
experimentally determined calibration factor. The calibration factor is 
proportional to the efficiency of the pulse sequences used to produce 
the water and glucose signals as well as the effect of the patient's 
20 hydration level on the glucose signal. Resonance peak areas are then 
determined in order to provide a measurement of the glucose levels in 
the test sample. 
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Multiple coupled pairs can be selectively excited and detected 
simultaneously using the pulse sequence of the invention, as 
illustrated in Fig. 15, to increase the confidence levels for glucose 
detection. Moreover, the pulse sequence of the invention could be 
5 adapted for selective detection of molecules other than glucose by 
constructing or designing selective pulses that would excite and 
detect pairs or multiple pairs of coupled spins in the molecule. The 
duration, shape, and frequency excitation region (i.e. 5.4 ppm in the 
pulse sequence discussed above) of the selective pulses would be 

10 changed to adapt the pulse sequence of the invention to the selective 
detection of different pair or group in the same molecule or in a 
different molecule. 

While the present invention has been described herein in terms 
of certain preferred embodiments, those skilled in the art will 

15 recognize that modifications and improvements may be made to the 
invention without departing from the scope thereof. 
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WHAT IS CLAIMED IS: 

1 . A magnet assembly for providing a magnetic field for an 
NMR apparatus, comprising: 

a) a pair of opposed permanent magnets producing a 
5 substantially homogeneous magnetic field there between, each 

magnet having a back surface, and a front surface facing the 
opposing permanent magnet front surface; 

b) a pair of opposed pole cap members defining at 
least in part a test region between the pole cap members, each pole 

10 cap member having a back surface adjacent the front surface of one 
of the permanent magnets and a front surface facing the opposing 
pole cap member front surface, and being radially tapered from the 
back surface toward the front surface; and 

c) a plurality of annular canceling magnets disposed 
15 around the permanent magnets and pole cap members, being radially 

polarized. 

2. The magnet assembly of claim 1 wherein a magnetic field 
of about 1.4 Tesla is produced in the test region between the pole 
cap front surfaces. 

20 3. The magnet assembly of claim 2 wherein the permanent 

magnets are about 1 5.5 em to about 1 7 cm in diameter. 
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4. The magnet assembly of claim 2 wherein the permanent 
magnets are about 2.4 cm to about 2.6 cm in width. 

5. The magnet assembly of claim 3 including a pair of yoke 
members extending beyond the permanent magnets and having a 

5 thickness of about 1 .4 cm to about 2.0 cm, each yoke member 
having a front surface adjacent the back surface of one of the 
permanent magnets. 

6. The magnet assembly of claim 5 including a housing 
having a thickness of about 0.2 cm to about 0.5 cm, the housing 

10 including a port providing access to the test region between the pole 
caps. 

7. The magnet assembly of claim 6 wherein the magnet 
assembly has outside square dimensions of about 30 cm to about 50 
cm and a length of about 25 cm to about 40 cm. 

15 8. The magnet assembly of claim 1 wherein the canceling 
magnets have a thickness from the inner to the outer surface of 
about '- to about mm. 

9. The magnet assembly of claim 1 wherein the canceling 
magnets have a thickness that increases toward a front surface of 
20 the canceling magnet facing the test region. 
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10. The magnet assembly of claim 1 including an annular ring 
shim disposed about the front surface of the pole cap. 

1 1 . The magnet assembly of claim 9 wherein the ring shim 
extends into the test region beyond the front surface of the pole cap. 

5 12. The magnet assembly of claim 10 wherein the ring shim 

is disposed in an annular groove in a peripheral portion of the pole 
cap front surface. 

13. The magnet assembly of claim 10 wherein the ring shim 
is rectangular. 

10 14. The magnet assembly of claim 10 wherein an outer side 

of the ring shim is tapered. 

15. The magnet assembly of claim 14 wherein a front edge 
of the ring shim tapered outer side is curved so that magnetic field 
homogeneity in the test region is increased. 

15 16. The magnet assembly of claim 15 wherein a front edge 

of an inner side of the ring shim is curved so that magnetic field 
homogeneity in the test region is increased. 

17. The magnet assembly of claim 6 including a back plate 
member between the yoke member and the permanent magnet. 
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18. The magnet assembly of claim 1 wherein the permanent 
magnets are a neodymium-iron-boron alloy. 

19. The magnet assembly of claim 1 wherein the pole caps 
are iron. 

5 20. The magnet assembly of claim 1 having at least 3 

canceling magnets disposed about each pole cap, 1 canceling magnet 
disposed about each permanent magnet, and 1 canceling magnet 
disposed about the interface of each pole cap and permanent 
magnet. 

10 21. A NMR apparatus for measurement of a constituent 

concentration in a patient, comprising: 

a) a magnet assembly, comprising 

a pair of opposed permanent magnets producing a 
substantially homogeneous magnetic field there between, each 
15 magnet having a back surface, and a front surface facing the 
opposing permanent magnet front surface; 

a pair of opposed pole cap members, each pole cap 
member having a back surface adjacent the front surface of one of 

i 

I 5 
j 

the permanent magnets and a front surface facing the opposing pole 
20 cap member front surface,, and being radially tapered from the back 
surface toward the front surface; and 

JNSDOOID: <WO 9O32807A2 I > 



WO 99/32897 PCT/US98/27478 

36 

a plurality of annular canceling magnets disposed 
around the permanent magnets and pole cap members, being radially 
polarized; 

b) a coil; and 

5 c) a test region defined at least in part by said pole 

caps and said coil. 

22. A method of measurement of glucose concentration in a 
fluid using NMR spectroscopy, comprising: 

a) applying a NMR pulse sequence that results in 
10 double quantum filtering, and selective excitation of scalar coupled 
resonances of glucose, and suppression of resonances which are not 
scalar coupled, said pulse sequence comprising 

application on spin I of a selective 90° pulse of 
about 30.0 msec, followed by a delay of about 54 msec; 
15 a 90° broad band pulse applied on all spins, of 

about 1 2.6 usee; 

a pulsed field gradient of about 2.0 msec, followed 
by a delay of about 496.2 \isec; 

two simultaneous 180° pulses of about 14.2 msec 
20 to excite protons at about 5.4 ppm on spin I and a scalar coupled 
partner of the protons at about 3.6 ppm on spin S; 
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a pulsed field gradient of about 2.0 msec, followed 
by a delay of about 497.5 |asec; 

a 90° broad band pulse applied on all spins, of 
about 12.6 Kisec, followed by a delay of about 2.5 msec; 
5 two simultaneous 180° pulses of about 14.2 msec; 

a pulsed field gradient of about 2.0 msec, followed by a 
delay of about 499 ^isec; and 

b) detecting 5.4 ppm proton resonance of glucose by 
acquisition of the FID for spin I. 

10 23. The method of claim 22 including applying a phase cycle 

scheme so that double quantum filtration is facilitated. 

24. The method of claim 22 wherein the fluid is a patient's 
body fluid and including the step of applying the pulse sequence to 
an in vivo sample of the patient's body fluid. 

15 25. A method of measurement of glucose concentration in a 

fluid using NMR spectroscopy, comprising: 

a) applying a NMR pulse sequence such that scalar 
coupled resonances of glucose are selectively excited and resonances 
which are not scalar coupled are suppressed, said pulse sequence 

20 comprising 
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application on spin I of a soft 90° E-BURP pulse of 
1 57.5 msec, followed by a delay of 41 .2 msec; 

two simultaneous soft Gausian 180° pulses of 36.9 
msec to excite protons at 5.4 ppm on spin I and a scalar coupled 
5 partner of the protons at 3.6 ppm on spin S, followed by a delay of 
23 msec; 

a 90° hard pulse of 9.8 usee, followed by a delay 

of 41 .3 msec; 

two simultaneous soft Gausian 180° pulses of 36.9 

10 msec; and 

b) delaying so that antiphase components precess into 
phase before acquisition of the free induction decay for spin S; 

c) detecting 3.6 ppm proton resonance of glucose by 
acquisition of the FID for spin S. 

15 26. A method of measurement of a component concentration 

in a fluid using NMR spectroscopy, comprising: 

a) providing a small scale NMR apparatus comprising 
a pair of opposed permanent magnets producing a 
substantially homogeneous magnetic field there between, each 
20 magnet having a back surface, and a front surface facing the 
opposing permanent magnet front surface; 
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a pair of opposed pole cap members, each pole cap 
member having a back surface adjacent the front surface of one of 
the permanent magnets and a front surface facing the opposing pole 
cap member front surface, and being radially tapered from the back 
5 surface toward the front surface; and 

a plurality of annular canceling magnets disposed 
around the permanent magnets and pole cap members, being radially 
polarized; 

an annular ring shim disposed about the front 
10 surface of the pole cap, having a tapered outer side having a curved 
front edge; 

a pair of yoke members having a front surface 
adjacent the back surface of one of the permanent magnets, and 
having a thickness of about 1 A cm to about 2.0 cm; 
15 a back plate member disposed between the yoke 

member and permanent magnet, having a tapered edge, and having a 
thickness of about 0.2 cm to about 0.5 cm; 

a housing haying a port and a thickness of about 
0.2 cm to about 0.5 cm; 
20 a coil; and 
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a test region defined at least in part by said pole 
caps and said coil, a being in communication with the port in the 
housing; and 

b) inserting a test specimen of the fluid into the test 

5 region; and 

c) applying a NMR pulse sequence to the test 
specimen, which selectively excites resonances of the component 
and suppresses other resonances of the body fluid. 

27. The method of claim 26 including measuring the fluid 
10 glucose concentration by 

a) applying a NMR pulse sequence that results in 
double quantum filtering, and selective excitation of scalar coupled 
resonances of glucose, and suppression of resonances which are not 
scalar coupled, said pulse sequence comprising 
15 application on spin I of a selective 90° puise of 

about 30.0 msec, followed by a delay of about 54 msec; 

a 90° broad band pulse applied on all spins, of 

about 12.6 usee; 

a pulsed field gradient of about 2.0 msec, followed 
20 by a delay of about 496.2 jxsec; 
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two simultaneous 180° pulses of about 14.2 msec 
to excite protons at about 5.4 ppm on spin I and a scalar coupled 
partner of the protons at about 3.6 ppm on spin S; 

a pulsed field gradient of about 2.0 msec, followed 
5 by a delay of about 497.5 \xsec; 

a 90° broad band pulse applied on all spins of about 
12.6 usee, followed by a delay of about 2.5 msec; 

two simultaneous 180° pulses of about 14.2 msec; 
a pulsed field gradient of about 2.0 msec, followed 
10 by a delay of about 499 \isec; and 

b) detecting 5.4 ppm proton resonance of glucose by 
acquisition of the FID for spin I. 

28. A method of measurement of a constituent concentration 
in a fluid using NMR spectroscopy, comprising: 
15 a) applying a NMR pulse sequence that results in 

double quantum filtering, and selective excitation of scalar coupled 
resonances of the constituent, and suppression of resonances which 
are not scalar coupled, said pulse sequence comprising 

application on spin I of a selective 90° pulse, 
20 followed by a delay; 

a 90° broad band pulse applied on all spins; 
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a pulsed field gradient, followed by a delay; 
two simultaneous 180° pulses to excite protons on 
spin I and a scalar coupled partner of the protons on spin S; 

a pulsed field gradient, followed by a delay; 
5 a 90° broad band pulse applied on all spins, 

followed by a delay; 

two simultaneous 180° pulses; and 
a pulsed field gradient, followed by a delay; and 
b) detecting proton resonance of the constituent by 
10 acquisition of the FID for spin I. 
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